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Abstract 
Performance estimation is performed for the coal-based integrated gasification combined cycle (IGCC) with CO2 capture and 
storage (CCS) technology. A two-stage CO2-selective membrane separation process is implemented to achieve efficient CO2 
removal. These evaluations allow clarification of the determining factors in the promotion of the industrial application of the 
IGCC with CCS. 
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1. Introduction 
The coal-based integrated gasification combined cycle (IGCC) is expected to be a more efficient and 
environmentally-friendly power generation system. [1–3] In the IGCC, synthesis gas is produced in a typical 
oxygen-blown gasifier. The raw gas is then cooled and cleaned to remove contaminants such as sulfur. The cleaned 
gas is combusted for power generation in a gas turbine with compressed air. In a combined cycle, the heat of the 
exhaust gas from the gas turbine is used to generate steam by passing it through a heat recovery steam generator 
(HRSG). The steam is supplied into a steam turbine for additional power generation. Combining the two types of 
turbine, an improvement in overall power generation efficiency can be expected.  
To achieve much larger reduction in CO2 emissions in the IGCC, the introduction of CO2 capture and storage 
(CCS) into the IGCC has been considered as a crucially effective option, with growing worldwide interest in CCS as 
a greenhouse gas (GHG) mitigation option. [4–10] CCS in the IGCC is based on a pre-combustion strategy, where 
CO2 removal is implemented after water gas shift (WGS) conversion. In this scheme, most of the CO2 can be 
captured after the CO-rich syngas is shifted to the flue gas, whose main components are H2 and CO2 at high pressure. 
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However, to achieve the industrial application of the IGCC with CCS, it is highly possible that the cost of the CO2 
removal needs to be reduced. [1] The application of membrane separation is now expected to accomplish energy-
reduced CO2 separation. Indeed, a large number of studies have reported on CO2-selective membranes. For example, 
Kazama and coworkers [11–13] recently developed polymeric membranes for CO2 separation. Now it is essential to 
consider what performance is required to achieve the practical use of the IGCC with CCS using membrane 
separation based on a systematic and quantitative assessment. Therefore, we conduct systematic performance 
evaluation of the IGCC with CCS, using the Aspen Plus® 2006 process simulator, released by Aspen Technology, 
Inc. In this study, we calculate the performances of the IGCC with a two-stage membrane separation process. We 
estimate power generation efficiencies and CO2 purity through a stream to the CO2 compression.  
 
2. Simulation models 
2.1 IGCC plant 
In this study, 300–400 MWe IGCC plants with CCS are simulated based on the flow diagrams reported in 
previous reports. [14–17] An oxygen-blown entrained flow gasifier is used, which is operated at 615 psia and 2400 
F. Bituminous coal slurry (Illinois No. 6) is supplied into the gasifier, and 95% pure oxygen produced in the air 
separation unit (ASU) is fed into the gasifier as oxidant. The raw gas produced in the gasifier is directly quenched in 
a quench pool at the bottom of the gasifier and flows to a gas scrubber at 433 F and 572 psia. In the scrubbing unit, 
the gases are washed with water to remove fine particles and cooled through heat exchangers in the low temperature 
gas cooling section. The cooled gas at 101 F and 557 psia enters the acid gas removal (AGR) section, typically 
employing the Selexol process, where sulfides such as H2S and COS are removed. The sulfides then undergo the 
Claus process for the recovery of elemental sulfur. The fuel gas at 101 F and 557 psia from the AGR section, after 
being cooled by a heat exchanger, is fed into the fuel gas saturation unit at 85 F and 429 psia. In this unit, water 
vapor is introduced to the cleaned syngas to lower the peak flame temperatures and control the formation of nitrogen 
oxides. 
The fuel gas from the saturation unit, after heating at 570 F and 414 psia, enters a combined cycle. In this study, a 
gas turbine, model GE MS7001F, consists of a three-stage compressor, a combustor, and a three-stage expander. 
The compressor supplies the compressed air at 656 F and 228 psia into the combustor, where the fuel gas is 
combusted at 2350 F and 219 psia. Exhaust gases are sent from the combustor to the expanders, mixed with the 
cooler air extracted from the compressor, and then expanded. These gases enter the HRSG area, where the sensible 
heat is recovered through heat exchangers and a high temperature stream is generated. Most of the steam is sent to a 
steam turbine, while the exhaust gases from the HRSG section are cooled and emitted at 271 F and 14.7 psia. In this 
study, three steam turbines are introduced. The high pressure steam at 1800 psia from the HRSG is expanded 
through three stages. Combining the gas and steam turbines, an improvement in the overall power generation 
efficiency is expected when comparing with conventional coal power plants. 
2.2 CCS modeling 
A WGS reaction process is introduced into the IGCC as an upstream unit of the CO2 removal process. For the 
WGS reaction, we assumed the adoption of a “sour” shift catalyst, which can withstand a high concentration of 
sulfides in the syngas. To increase the CO conversion, two-stage WGS reactors are introduced, comprising a high 
temperature reactor and a low temperature reactor. In this study, the former is operated at 859 F and 567 psia, while 
the latter is operated at 465 F and 562 psia. In these reactors, the following reactions are assumed to occur. 
222 HCOOHCO o  
222 COOHOHCOS o  
In these cases, the steam required for the WGS reaction can be produced by introducing water quenching in the 
gasifier. 
As a CO2 removal process, we consider a two-stage membrane separation process as presented in Fig. 1. Shifted 
flue gas at 101 F and 557 psia is fed into the feed side of a first-stage membrane. The permeate and retentate 
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pressures are set to 50 psia and 540 psia, respectively. In our model, some of the H2-rich gas on the retentate side is 
recycled back to the feed side. The recycling rates are set to 0%, 10%, 30%, 50%, and 70%. The other retentate 
gases are recompressed to 552 psia and then flow onward to undergo the following combined cycle processes. On 
the other hand, the permeate gases of the first-stage membrane are recompressed to 118 psia and fed into the feed 
side of a second-stage membrane. The permeate and retentate pressures are set to 50 psia and 103 psia, respectively. 
Permeate gases flow to undergo CO2 compression, whereas the retentate gases are mixed with the retentate of the 
first-stage membrane. In this study, equal values of the separation factors of CO2 over H2, ĮCO2/H2, for the both 
membranes are given, set to 5, 10, 30, 50, 100, and 300. 
 
 
 
 
 
 
 
Fig. 1 Schematic diagram of two-stage membrane separation for CO2 removal, where typical temperatures and pressures are represented in 
Fahrenheit and psia, respectively. 
 
CO2 compression is also modeled as a downstream unit on the permeate side of the second-stage membrane, 
referring to a previous report. [18] In the unit, the CO2-rich gases are compressed up to 2100 psia by a six-stage 
compressor. The contribution of the CO2 compression is included in our evaluation, although that of CO2 transport 
and injection is not. Using these models for CCS, the process performances of IGCC plants with CCS are estimated, 
as described in the next section. 
3. Simulation results 
A two-stage membrane separation process is modeled to investigate the recycling rate dependence of power 
generation efficiency and CO2 purity in the permeate gases of the second stage membrane. Power generation 
efficiencies of the IGCC are shown in Fig. 2. It is suggested that the efficiency decreases with a decrease in the 
separation factor, naturally because a decrease in ĮCO2/H2 means an increase in the flow rate on the permeate side and 
the energy consumption increases in the downstream CO2 compression. However, once ĮCO2/H2 exceeds 30, the 
efficiency has a leveling-off tendency. This is because the absolute amount of the syngas exiting the retentate side 
becomes nearly constant, even though ĮCO2/H2 increases from 30 to 300. An increase in a recycling rate results in a 
decrease in efficiency, mainly because the flow rate of fuel gases to the CO2 compression becomes larger. Therefore, 
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Fig. 2 indicates that the recycling from the retentate to the feed side should not be used within a membrane 
separation process.  
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Fig. 2 Relationship between rates of recycling from the retentate side to the feed side of a first-stage membrane and net power generation 
efficiencies for IGCC plants with two-stage membrane separation. The CO2/H2 separation factor is set to 5, 10, 30, 50, 100, and 300. 
CO2 purity in the permeate stream of the second-stage membrane is shown in Fig. 3. When ĮCO2/H2 is 30, the 
purity is almost 100%. This becomes lower with an increase in the recycling rate, because more and more syngases 
from the permeate side flow onward to undergo CO2 compression. This also suggests that the inclusion of the 
recycling process is not the best option.  
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Fig. 3 Relationship between rates of recycling from the retentate side to the feed side of a first-stage membrane and CO2 purities in the outlet flow 
of a second-stage membrane for the IGCC plants with two-stage membrane separation. The CO2/H2 separation factor is set to 5, 10, 30, 50, 100, 
and 300. 
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4. Conclusion 
In this study, performance evaluation is conducted for the IGCC with CCS having two-stage CO2-selective 
membrane separation. Once the CO2/H2 separation factor exceeds 30, the power generation efficiencies of the IGCC 
with membrane separation become nearly constant, and the CO2 purity in the permeate stream becomes almost 
100%. Generation efficiency and purity decrease with an increase in the recycling rate from the retentate side to the 
feed side of the first-stage membrane, because more and more syngases from the permeate side flow onward to 
undergo CO2 compression. This indicates that the implementation of the recycling process is not the best option.  
As the next step, the results reported here should be compared with the performances of other CO2 removal 
processes. Such assessment will certainly lead to the specification of factors crucial to promoting the industrial 
application of the IGCC with CCS. 
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